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AN EVALUATION OF THE 
APPLICABILITY OF THE TELLURIC-ELECTRIC
AND AUDIO-MAGNETOTELLURIC METHODS TO 

MINERAL ASSESSMENT ON THE ARABIAN SHIELD, 
KINGDOM OF SAUDI ARABIA

by 

Vincent J. Flanigani/ and Charles J. Zablocki

ABSTRACT

Feasibility studies of two electromagnetic methods were 
made in selected areas of the Jabal Hibshi (1:250,000) quad 
rangle, 26F, in the Kingdom of Saudi Arabia in March of 1983. 
The methods tested were the natural source-field telluric- 
electric and audio-magnetotelluric methods developed and 
extensively used in recent years by the U.S. Geological 
Survey in some of its domestic programs related to geothermal 
and mineral resource assessment. Results from limited studies 
in the Meshaheed district, the Jabal as Silsilah ring com 
plex, and across a portion of the Raha fault zone clearly 
demonstrate the appropriateness of these sub-regional scale, 
reconnaissance-type studies to mineral resource assessment. 
The favorable results obtained are largely attributed to 
distinctive and large contrasts in the electrical resistivity 
of the major rock types encountered. It appears that the 
predominant controlling factor governing the rock resistivi 
ties is the amount of contained clay minerals. Accordingly, 
unaltered (specifically, non-argillic) igneous and metamor- 
phic rocks have very high resistivities; metasedimentary 
rocks of the Murdama group that contain several percent clay 
minerals have intermediate values of resistivity; and highly 
altered rocks, containing abundant clay minerals, have very 
low values of resistivity. Water-filled fracture porosity may 
be a secondary, but important, factor in some settings. 
However, influences from variations in interstitial or inter- 
crystalline, water-filled porosity are probably small because 
these types of porosity are generally low. It is reasonable 
to expect similar results in other areas within the Arabian 
Shield.

I/ U.S. Geological Survey, Denver, Colorado 80225



INTRODUCTION

Program documents related to the U.S. Geological Survey's 
mission of mineral resource appraisal clearly state the need 
for identifying new exploration targets. The adopted strategy 
for attaining such a goal in the best and most systematic 
manner has been to initially acquire the basic geologic, geo- 
chemical, and geophysical framework on a regional scale 
(1:100,000) followed by the compilation and synthesis of 
these data at a scale of 1:250,000. Potential targets iden 
tified through this process can then be studied with more 
detailed 1:25,000- to 1:5,000-scale investigations, and 
conceptual, ore-occurrence models can be developed, tested, 
and used in the search for economic mineral deposits. Under 
Program 5 (Geophysics and Geochemistry), both gravity and 
aeromagnetic data have been acquired and geologic models have 
been, and are being, developed from the analysis of these 
data at scales appropriate to the scope of the regional geo 
logic mapping investigations. In the early part of 1402 AH, 
it was recognized that additional knowledge of the substruc 
ture within certain regions of interest might be gained 
through the application of sub-regional electromagnetic 
reconnaissance mapping techniques. Such techniques can pro 
vide important, cost-effective, and complementary sets of 
information useful in enhancing the knowledge of the struc 
ture and mineralogy of rocks at shallow to intermediate 
depths of several kilometers. Collectively, these electromag 
netic techniques, used in conjunction with regional gravity 
and magnetic interpretations, can also provide a rational 
basis for deciding on the extent and types of costlier, but 
appropriate, follow-up detailed surveys. Specifically, it was 
felt that the most logical means for accomplishing such a 
task was to apply the natural source-field audio-magneto- 
telluric (AMT) and telluric-electric (TE) methods as they 
have been found to be exceptionally useful in similar-type 
domestic programs carried out by the U.S. Geological Survey 
(Hoover and others, 1976, 1981, 1982).

Accordingly, a project proposal was submitted and subse 
quently approved and established as subproject 5.04.01 within 
the work program of the Deputy Ministry for Mineral Resources 
for 1402/1403 AH. The primary objective of this subproject 
was to assess the applicability of these methods towards 
aiding in achieving the overall mineral resource assessment 
goals of the Mission. The findings from this evaluation 
would, in turn, form the basis for consideration of estab 
lishing these techniques as an integral part of the Saudi 
Arabian Mineral Resource Appraisal Program (SAMRAP). In the 
following, we address this objective by way of examples of 
the results obtained from studies carried out in several 
areas within the Jabal Hibshi (1:250,000) quadrangle, 26F, 
(fig. 1) in the Kingdom of Saudi Arabia in March of 1983. The 
rationale for selecting these areas was chiefly based on the
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Figure 1. Index map of western Saudi Arabia showing areas of Jabal Hibshi quadrangle, 
26F, and electromagnetic studies.



fact that this quadrangle represents the USGS's initial area 
in which to demonstrate the appropriateness of the SAMRAP 
concept and in which there presently exist a fair amount of 
geologic, geochemical, and geophysical (aeromagnetic) inform 
ation that could possibly provide some level of control in 
the interpretation of these results.
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THEORY AND TECHNIQUE 

Electromagnetic field sources

Natural electromagnetic fields are generated virtually 
everywhere and continuously around the world. Low frequency 
(long period) time-varying changes below several hertz (Hz) 
generically result from sunspot activity. Solar winds (high 
energy plasma) interact with the earth's magnetosphere, which 
in turn, induces currents to flow in the ionosphere. These 
currents, in turn, create time-varying magnetic fields that 
couple with the finitely conductive earth to produce currents 
to flow within the earth. Thus, these latter currents are 
generally described as telluric currents.

Higher-frequency electromagnetic energy (from several Hz 
to about 104 Hz) results from world-wide lightning dis 
charges in the lower atmosphere. The principal energy is 
derived from tropical storm cells that occur most frequently, 
but not exclusively, during the Northern Hemisphere summer 
months. These pulses, or spherics, propagate around the earth 
in the earth-ionosphere cavity (wave guide) to produce high- 
amplitude resonances, or so-called Schumann resonances, at 
about 8 Hz and certain multiples thereof. These electromagne 
tic fields are reflected and refracted at the earth's sur 
face. Because of the resistivity contrast between the



atmosphere and the finitely conductive earth, the refracted 
component propogates vertically downward regardless of the 
incidence angle of the impinging wave. At large distances 
from the source, the relationship between the electric field 
and the orthogonal magnetic field component is everywhere con 
stant for a uniformly conductive earth, i.e., the waves are 
considered to be planar. These higher-frequency waves (rela 
tive to the telluric-current type) are generally described as 
audio-magnetotelluric (AMT) waves.

Telluric-electric method

The telluric-electric (TE) method, or more exactly, the 
electric (E) field-ratio telluric profiling method, utilizes 
the aforementioned telluric currents as a source. The method 
basically consists of measuring the ratio of the resulting 
potential difference developed between two colinear grounded 
electrode pairs that share a common reference at the mid 
point. That is, an array of three grounded electrodes are 
spaced equidistant and inline. If the azimuthal direction of 
the telluric currents is the same across each electrode pair, 
then the resulting potential difference for each pair will be 
proportional to the component of the telluric E field in the 
direction of the array. Further, if the section of ground 
between each electrode pair has the same electrical resis 
tivity, then the resulting measured E-fields will be identi 
cal, or the ratio of these two fields will be unity. However, 
should the ground under one electrode pair contain higher or 
lower resistivity material than the other, the E-fields and 
their ratio will be different than unity. This can readily be 
seen from consideration of the point form of Ohm's Law (E = 
jp; where j is current density and p is resistivity). Thus, 
the objective of this method is to discern differences in the 
electrical resistivity of the rocks at shallow and/or deep 
depths (to several tens of kilometers) by measuring these 
ratios along a straight-line traverse. After the first ratio 
is measured, the three-electrode array is advanced forward 
one bipole length so that the forward electrode of the ini 
tial set-up becomes the center, or mid-point, reference 
electrode for the next ratio measurement. This "leapfrog" 
procedure is continued along the survey line to obtain a 
continuous set of relative electric-field intensity ratios. 
When successively multiplied together, these ratios yield a 
relative amplitude profile of the electric field along the 
traverse-line direction. This procedure is identically analo 
gous to that of obtaining ground elevations using standard 
surveying techniques in which the base reference is "carried 
along" from each previous measurement. The analogy even 
extends to the practice of reversing the input leads from the 
two electrode pairs into the measuring system (similar to 
reversing the surveying rods) at each successive measurement 
location. In this way, errors resulting from any possible 
unequal voltage gains or offsets in the two channels of the



measuring system will not result in accumulating errors 
throughout the traverse.

The TE field ratio profiling system used in this study 
consisted of three non-polarizing electrodes, connected by a 
high tensile-strength insulated wire (250- or 500-m spacing) 
which was fed to an adjustable high-gain band-pass amplifier 
(20-second period high pass and 40-second period low pass). 
The band-pass setting was therefore set to largely measure 
telluric voltages centered about a 30-second period (about 
0.033 Hz); a period which has been generally recognized as 
containing a consistently high-amplitude component in the 
telluric-field spectrum. After rectification and low-pass 
filtering, the output voltage from the two channels was fed 
into an X-Y graphic recorder. The resulting display on the 
chart produces a near-straight line from which the ratio of 
the two voltages can be determined by measuring the slope 
(i.e., tangent) of the line. Thus, for the situation in which 
the two electric field intensities are equal, the trace dis 
played on the X-Y plotter will be a straight line having a 
slope angle of 45 degrees. Similarly, if the voltages are 
unequal because of different resistivities in the vicinity of 
the electrode pairs, the slope will be different than 45 
degrees. Figure 2 serves to illustrate the salient features 
of the profiling system. Situations can arise whereby the 
form of the trace is not a straight line, but elliptical. 
This is caused by a time phase-shift between the two signals. 
Details related to this phenomenon will not be given here. A 
comprehensive elucidation of this phenomenon as well as 
further details on the various aspects of the TE ratio 
profiling method can be found in Beyer (1977). For examples 
of case histories in which this method has been used success 
fully, the reader is referred to Beyer (1977) and Hoover and 
others (1981) and several references cited therein.

Audio-magnetotelluric method

The audio-magnetotelluric (AMT) method utilizes the 
natural multi-frequency electromagnetic energy described 
previously as its source. The inherent advantage of using 
natural sources instead of man-made artificial, or so-called 
controlled sources, is the relative ease in obtaining data. 
To survey large areas using a controlled source would require 
an inordinate amount of time, effort, and power to provide a 
near plane-wave electromagnetic field. On the other hand, the 
sometimes erratic behavior of the signal strength, direction 
of propagation, and frequency content of the natural signals 
can be an annoyance. However, the trade off is clearly in 
favor of using these natural signals as a source. At frequen 
cies above 10 kHz, the signals produced from man-made trans 
mitters in the very low frequency range (VLF) between about 
11 kHz to 27 kHz are also used in AMT surveys.
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The AMT method is well established and has been thorough 
ly described (see, for example, Strangway and others, 1973; 
Vozoff, 1972). For our purpose here, it is sufficient to know 
that the scalar apparent resistivity , p&, t is given by:-
where T is the period (inverse of frequency) and Ex and 
Hy are the orthogonal and horizontal components of the 
electric and magnetic fields, respectively. Thus, to deter 
mine the apparent resistivity at a given frequency, one 
simply measures the ratio of these two electromagnetic compo 
nents. As in other types of resistivity measuring systems, 
the apparent resistivity will be equal to the true resistiv 
ity if the medium has a uniform resistivity both laterally 
and vertically to distances that are larger than that which 
can be sensed by the system. Unlike d.c. measurement, how 
ever, the depth to which an alternating current electromag 
netic wave travels is a function of its frequency and the 
resistivity of the medium. The amount of attenuation, or skin 
depth, £ , in meters, is an approximate measure of the explor 
ation depth and is given by:

where p is the resistivity in ohm-m and f is the frequency in 
Hz. Formally, the skin depth is defined as the depth at which 
the amplitude of the signal has attenuated to 1/e (1/2.718) 
of its magnitude at the surface. Thus, by measuring the 
apparent resistivity at various frequencies, one can sense 
the resistivity distribution as a function of depth. In this 
manner, a resulting set of measurements over a range of fre 
quencies at one location will provide a depth-sounding data 
set in approximately the same way as in progressively expand 
ing the distance between the current and potential electrodes 
in d.c. resistivity sounding methods. For a horizontally 
stratified medium, an apparent resistivity is calculated as a 
function of frequency whose value is affected by the combined 
effects of the various layer resistivities and thicknesses, 
with the higher frequencies being responsive to the shallow 
section and the lower frequencies being progressively more 
responsive to the deeper parts of the section. In areas that 
are not electrically isotropic, in which large lateral con 
trast in resistivity occur locally, the measured values at 
varying azimuths of the orthogonal E and H fields will no,t be 
identical. That is, E x /H y ^ Ey /Hx . Details of the 
various responses for such electrically anisotropic situa 
tions are amply documented in the literature (see, for 
example, Pound and others, 1973; Strangway and Vozoff, 1970).

8



Nevertheless, the relative simplicity and effectiveness of 
measuring the scalar (versus the tensor) resistivity in two
directions ( EN-S/ HE-W an(* EB^/HN-S) as made in these 
studies has proven to be generally adequate for the purpose 
of developing geoelectric sections on a sub-regional 
reconnaissance scale.

The AMT as well as the TE systems used in this study were 
designed and fabricated by the USGS inasmuch as no suitable 
systems are available through the commercial market. Basic 
details of the AMT system are thoroughly described by Hoover 
and others (1976). Briefly, the electric field sensors con 
sist of two 25-m length wires connected to three non-polari 
zing electrodes that are oriented in an L-shaped horizontal 
array to measure the N-S and E-W electric-field components. 
The corresponding magnetic field sensors consist of ferrite 
cores upon which are wound several hundred turns of wire. 
These induction coils are rigidly mounted at right angles to 
each other in a fiberglass flat box that is approximately 50 
cm square and 10 cm deep. The box is partially buried in the 
surface soil to reduce noise induced by wind and is oriented 
north-south and east-west. The signals from these sensors are 
fed into a preamplifier and then to the main receiver via a 
30-m length coaxial cable. The main receiver basically con 
sists of high-gain amplifiers and band-pass filters for 
selectively tuning the receiver at 16 discrete frequencies 
that are logarithmically spaced from 4.5 Hz to 27 kHz. The 
outputs of the four channels (EN_SI E E-W» ^N-S' an(* 
HE-W ) are f e(* to two 2-channel high-frequency response, 
hot-pen chart recorders for displaying the shape and ampli 
tude of the discrete spike-like signals. The average time in 
which to set up the system and record these data is approxi 
mately one hour (not including travel time to a receiving 
site). Accordingly, six to eight stations can be occupied in 
one day given favorable signal strengths and logistical 
factors.

Reduction of the acquired data is usually accomplished 
back at the field camp or office. Our data reduction system 
includes a hand digitizer whose output is connected to a 
minicomputer. The amplitude of the spike-like signals that 
were recorded on the chart paper are hand picked on the 
digitizer. These values are automatically entered into the 
computer that contains a program (C. L. Long, unpub., 1982) 
for computing the apparent resistivities according to equa 
tion (1). For each frequency and direction, as many as 20 
samples are picked from the charts. The computer then calcu 
lates the average value from all the samples and its corres 
ponding standard error. Good coherent data will typically 
have standard errors of less than 10 percent. Depending on 
circumstances, values up to 20 percent are generally accep 
table. The reduced average values of apparent resistivity are 
stored in the computer and when all the available values have 
been entered for the various frequencies, the computer prints



out a log-log plot of these values versus frequency. From 
these data, an inversion model of the geoelectric section 
(resistivity versus depth) is generated using a relatively 
straightforward technique developed by Bostick (1977). The 
Bostick technique is very effective and fast for obtaining a 
general impression of the geoelectric structure from the 
sounding data. The technique, however, produces only an 
approximate solution and assumes that the structures are 
horizontally layered (electrically isotropic). The idealiza 
tion of no lateral variation in the vicinity of a sounding 
often may not apply. Therefore, this technique is best used 
for first-order interpretations, which can be modified later 
by further analysis, if warranted or necessary. Through the 
final process of inversion, a geoelectric cross section can 
be constructed, particularly where measurement stations are 
located along linear traverses. The nature of these final 
products will be self evident in the following sections.

RESULTS AND DISCUSSION 

Meshaheed area

The initial electromagnetic studies were carried out in a 
small region within the Meshaheed district (fig. 3; MODS 
1266). An approximate east-west traverse, about 7.5 km in 
length, was established across an area that contains several 
geologic structures and mineralogic features of interest 
(fig. 4). The principal features include a small felsic plu- 
ton that is intruded into Murdama clastic rocks and is argil- 
lically altered and cut by a quartz-vein stockwork containing 
small amounts of molybdenum. A quartz-stibnite-gold vein or 
vein system also strikes through this pluton. This pluton is 
surrounded by a complex of sub-volcanic basalt(?) (dolerite?) 
that intrudes the Murdama metasedimentary rocks, that, in 
turn, is intruded by small stocks of granodiorite and plagio- 
clase porphyry. The basaltic rocks are hydrothermally altered 
and a zone approximately 1 km long and several hundred meters 
wide contains zones of silicification, pyritization, carbona- 
tization, and argillization. Much of this area, however, is 
covered and, therefore, the areal and depth extent of the 
zone of alteration is unknown. The exposed altered zone is 
anomalous in concentrations of gold, arsenic, and antimony.

A series of granodiorite plutons are exposed several 
kilometers to the west of the intrusive complex. Numerous 
ancient gold-mine workings abound within the Murdama meta 
sedimentary rocks in a contact aureole around parts of these 
plutons. Two small plugs of granodiorite are locally hydro 
thermally altered and contain some quartz-stibnite-gold- 
bearing veins.

10
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Figure 4. Generalized geologic map of the Meshaheed area (modified after C. W. Smith, 
written commun., 1983) showing location of traverse TE-1 along which TE and AMT 
measurements were made.
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Large zones of argillic alteration in the Murdama meta- 
sedimentary rocks extend from Jabal Qutn, about 10 km to the 
south of the Meshaheed district, to about 1.5 km south of the 
area of the traverse. These zones are distinguished by color 
contrast   tan to reddish-brown in contrast to the dark-gray 
color, of the unaltered metasediments. Pyrite is present in 
small amounts in most parts of these altered zones and geo- 
chemical sampling has indicated low values of molybdenum.

A TE-ratio profile was made along the traverse using 
250-m length bipoles. A plot of the resulting relative 
E-field amplitudes is shown in figure 5. Included in this 
figure is a geoelectric cross section derived from the 
interpreted resistivity distribution as a function of depth 
from the AMT soundings made at the station locations so 
indicated. The resistivity distribution is displayed in 
contour form in which the contour values are logarithmically 
spaced at five divisions per decade. It is seen that there is 
generally a good correspondence between the relative E-field 
amplitudes and the geoelectric cross section derived from the 
AMT results. The clearest correlation occurs in the vicinity 
of AMT station M-l in which the relative E-field amplitudes 
decrease gradually on the west side of a broad low-resistiv 
ity zone and increase more sharply on its east side. The 
contoured resistivity cross section follows the same trend. 
This low resistivity zone, about 2 km in width, and extending 
to depths in excess of several kilometers, coincides with the 
surface extent of the exposed altered sub-volcanic complex. 
The most electrically conductive part of this area coincides 
exactly with the location of the highly altered felsic pluton 
exposed at the surface. The low resistivities associated with 
the altered rocks undoubtedly are caused by their relatively 
higher content of clay minerals resulting from alteration 
processes in contrast to the unaltered igneous or metasedi- 
mentary rocks in the surrounding area. It is significant to 
note that the highest relative E-field amplitudes occur at, 
and immediately to the west of, AMT station M-4 and probably 
reflect subsurface extensions of the relatively large grano- 
diorite plutons that outcrop approximately 1 km to the north 
and south of the traverse. The pattern of the cross section 
in this area also suggests a corresponding high-resistivity 
zone at depth. The cause of the short-wavelength local high 
relative E-field amplitude near the westernmost end of the 
profile is unknown, but possibly is related to a small, shal 
low granodiorite plug. Near the eastern end of the traverse, 
centered about 200 m west of the AMT station M-8, the rela 
tive E-field amplitude profile shows a zone of extremely low 
resistivity. Although the AMT cross section does not indicate 
a proportionately anomalous conductive zone, the AMT data at 
M-8 does, in fact, indicate that lower resistivities extended 
to deeper depths than at M-7. If this conductive feature has 
steeply dipping sides, then the approximately ten-fold 
difference in the relative E-field amplitudes measured

13
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between AMT stations M-7 and M-8 would require about a 100 to 
1 contrast in the resistivities beneath the two areas. This 
estimate is based on the following relationship between the 
ratio of the relative E-field amplitudes (Ei/E2) and the 
corresponding resistivity ratio (P\l p%) across a vertical 
contact: IL = ^n'/2

£ 1 o } (^ ) t ^ r* /

Further detailed geological studies in the area may be able 
to reconcile the cause of this conductive anomaly. It is 
possible that this area is underlain by similar, if not more 
intensely, altered rocks than the exposed felsic pluton in 
the vicinity of AMT station M-l.

The average resistivity value of the unaltered metasedi- 
mentary rocks in the area along the traverse appears to be 
about 500 to 600 ohm-m. If this is so, then their thickness 
to the west of AMT station M-4 would be about 500 m and much 
thinner (several hundred meters or less) to the east of AMT 
station M-7.

It is apparent from this initial study that large resis 
tivity contrasts exist between the three principal rock types 
encountered in this area. The major controlling factor for 
these contrasts most likely is associated with their clay- 
mineral content. Clay minerals possess large cation-exchange 
capacities that result in increasing the ion concentration 
available for conduction through the pore fluids. This 
phenomenon is often referred to as "double-layer" conductiv 
ity (Keller and Frischknecht, 1966, p. 24). As the intersti 
tial or intercrystalline porosities of these rocks are very 
low, contributions from electrolytic conduction through open 
water-filled fractures would also be a factor, but may be 
only secondary in importance here. Accordingly, unaltered 
(specifically, non-argillic) igneous rocks have fairly high 
resistivities; the metasedimentary rocks of the Murdama group 
have intermediate values of resistivity as these rocks 
generally contain up to several percent by volume of clay 
minerals (P. L. Williams, USGS, personal commun., 1983); and 
highly altered rocks, containing abundant clay minerals, have 
very low values of resistivity. These generalizations were 
reinforced by the results from studies subsequently made in 
the area of the Silsilah ring complex located about 25 km to 
the east of the Meshaheed district.

Silsilah area

The predominant geologic structural feature in the 
Silsilah area is a circular ring complex, about 14 km in 
diameter, called Jabal as Silsilah (fig. 3). A generalized
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geologic map of this area is shown in figure 6. The ring 
complex is unusual because it is composed of both peralum- 
inous and peralkaline intrusive phases. Several greisenized 
patches of Fawwarah monzogranite crop out inside the south 
west part of the ring structure. Two of these outcrops are 
thoroughly greisenized; these quartz-cassiterite-topaz- 
bearing greisens locally contain greater than two percent 
tin. These and other cupolas of monzogranite in the south 
western sector intrude the exposed, or near-surface, weakly 
metamorphosed graywacke sandstones of the Murdama group. 
Further details on the structural and mineralogic setting of 
this area may be found in du Bray

The primary objective of our electromagnetic studies in 
this area was to attempt to determine the gross nature of the 
subsurface geology within the ring complex. Such information 
could provide further insight for developing conceptual ore 
occurrence models for this type of geologic setting and in 
similar settings elsewhere within the Kingdom.

Two electromagnetic traverses were established across the 
ring complex; one oriented N. 80° W. that approximately 
bisected the complex (labelled TE-1 in fig. 6) and the other 
oriented N. 45° E. through the east-central portion of the 
complex (labelled TE-2 in fig. 6). Similar to the studies 
made in the Meshaheed district, TE-ratio measurements were 
made along these traverses, but using 500-m length bipoles 
instead of the 250-m length bipoles as used previously at 
Meshaheed. AMT soundings were also made at approximately 2-km 
intervals along, or near, these profiles. The results from 
these surveys are shown in figures 7 and 8 and are presented 
in the same manner as those obtained from the Meshaheed 
district. These results reveal some interesting characteris 
tics of the subsurface geology. The relative E-field ampli 
tude profiles and the geoelectric cross sections derived from 
the AMT sounding data are mutually compatible. At the west 
end of the N. 80° W. profile (fig. 7), both the E-field and 
AMT data reflect the high resistivities associated with the 
exposed ring dikes. Immediately to the east of this struc 
ture, in the vicinity of AMT station F-6, both data sets 
reveal an unusually high-conductivity zone of several kilo 
meters in width and depth extent. The attitude of this well- 
defined feature appears to dip steeply towards the inner com 
plex as suggested in the cross section. The highest resistiv 
ities along this traverse are defined between the interval 
from about 1 km east of AMT station F-5 to about 1 km west of 
AMT station F-2. In contrast to the western side of this 
complex, the eastern side is only moderately to weakly 
conductive as seen from both the relative E-field amplitude 
profile and the geoelectric cross section. The dikes that 
form the eastern side of the complex are much less resistive 
than those on the western side. In the vicinity of the felsic 
dike that trends in a northeast-southwest direction through

16



42°35' 
26°20>

42°50'
26°20'

fag

EXPLANATION

SEDIIVENTARY DEPOSITS 

Eollan sand

Alluvium Includes alluvial fan and 
undlfferentlated surflclal deposits

INTRUSIVE ROCKS 

Fawwarah monzogranlte 

Hadhir aplIte 

SI Is! lah alkali granite 

GranodlorIte 

Quartz monzodlorlte 

Felslc dike

IvETAMORPHIC ROCKS 

Me tagabbro 

Carbonate rock

Metarhyollte and metarhyo11te tuff 

Maraghan llthlc graywacke 

Qarnayn llthlc graywacke 

Stretched-pebble conglomerate 

Metabasalt 

      Geologic contact

__..... Fju |t Dashed where unknown; dotted 
where concealed

® F-3 Locality and number of AMT sounding 

TE-4 I TE-AMT traverse

mgb

mlg

qlg

26°00'
42°35' 42° 50'

10 KILOMETERS

Figure 6. Simplified geologic map of a part of the Jabal as Silsilah quadrangle, 6/42 
D, (modified after du Bray,^^t«*r). Also shown are the locations of four traverses 
along which TE and AMT measurements were made.
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the central portion of the ring complex (near AMT station F-4 
on the N. 80° W. traverse), the relative E-field amplitude 
profile detected a thin, moderately conductive zone. The 
narrow width of this feature is not resolved from the AMT 
data. This local low-resistivity zone may not result from the 
electrical properties of the dike itself, but possibly from a 
narrow fracture zone that may be nearly coincident and 
associated with the dike. By extrapolating the approximate 
500 to 600 ohm-m resistivity value for the weakly metamor 
phosed sedimentary rocks of the Murdama group suggested by 
the studies made in the Meshaheed district, the thickness of 
these rocks within the complex appears to be much thinner 
(less than 200 m).

The results from the N. 45° E. traverse (labelled as TE-2 
'in fig. 6) have the general characteristics of those obtained 
from the N. 80° W. traverse, with some notable differences 
(fig. 8). The relative E-field amplitudes near the southwest 
outcrop of the ring dike indicate the presence of a moderate 
ly conductive zone of narrow width between AMT stations F-15 
and F-12. The geoelectric cross section in this vicinity also 
shows that this zone is only moderately conductive at depth 
relative to the adjacent rocks. The broad low-resistivity 
zone, centered near AMT station F-9, is manifested by low 
relative E-field amplitudes and a corresponding thickening of 
the near-surface moderately conductive zone shown in the 
cross section. Beneath this zone, and extending northeast to 
about AMT station F-13, a deeper seated, very high-resistiv 
ity zone exists. Further to the northeast, a characteristi 
cally conductive zone lies toward the inside periphery of the 
exposed ring dikes as indicated by the E-field data. The data 
obtained at AMT station F-14 suggest that rocks of moderate 
resistivity (1,600 ohm-m) extend from near surface to depths 
in excess of one kilometer. This zone is less conductive than 
the corresponding zone on the west side. However, it is more 
conductive than the peripheral zones on the southwest or east 
sides of the complex.

The results obtained from the studies made in this area 
provide information that should be very useful in modeling 
the form of the present substructure as well as in gaining 
insights into its evolution. In the following, we summarize 
the most significant aspects of these results for considera 
tion in translating them into a viable geologic model:

1. The extremely low-resistivity zone defined .on the 
western side of the complex is probably related to intensely 
altered and (or) fractured rocks resulting from shearing and 
(or) hydrothermal processes. The lateral extent of this zone 
was not defined by these limited studies. However, the degree 
of alteration or fracturing appears to be much less in the 
vicinity of the southwest part of traverse TE-2 and, there 
fore, the highly altered zone is probably limited to the 
western sector.
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2. The low-resistivity zones defined towards the ends of 
the two traverses appear to be related to ring fracturing 
along the periphery of a buried stock. Their values of 
average resistivity, however, are quite different. They are 
qualitatively ranked from low to high as follows: west, 
northeast, southwest, and east. This ranking of increasing 
resistivity is in accord with some field observations and 
petrographic studies of the nearby outcrop ring dikes made by 
Edward du Bray (oral commun., 1983). His studies indicate 
that these rocks are most fractured on the west side, inter 
mediately fractured on the northeast and southwest sides, and 
least fractured on the east side. The pattern of clay altera 
tion is assumed to follow accordingly. The extrapolation of 
these observations to the possible conditions in these peri 
pheral zones may not apply, but does appear to be compatible 
with the geoelectric results.

3. The high resistivity zone (defined here as 4,000 ohm-m 
or greater) that lies at depth within the central part of the 
complex most likely reflects the inner core of the ring com 
plex. These large resistivity values require that the core 
rocks be very competent (having low total porosity) and 
containing little or no clay minerals. The general increase 
in resistivity with depth suggests that the rocks correspond 
ingly become progressively denser (less porous) with depth.

4. Other local and broader variations in the resistivity 
distribution shown in the geoelectric cross sections may be 
meaningful and should be considered in developing compatible 
geologic models. On the immediate flanks of the so-called 
inner core, as an example, the relatively shallow and high- 
resistivity zones shown in the vicinity of AMT station F-13 
and between AMT stations F-2 and F-l may be related to occur 
rences of shallow intrusions fed from the central core (i.e., 
cupolas). Also, the relatively lower resistivities associated 
with the core (between approximately 1,000 ohm-m to about 
4,000 ohm-m) may reflect transitional phases in the main 
intrusive stock.

Raha fault area

In mapping the general geology of the Jabal as Silsilah 
quadrangle, du Bray has identified a major fault zone (Raha 
fault zone). A portion of the outcropped and inferred loca 
tion of this zone is shown in figure 6. A detailed descrip 
tion of this tectonic feature have been described by du Bray 
(iap*L*ty. Two TE profiles were made across a section of this 
feature to determine if the rocks on either side indicated 
any differences in their gross electrical properties. One 
traverse was established in a north-south direction normal to 
the outcropped fault trace (traverse TE-3 in fig. 6) and the 
other was established parallel to, and approximately, two
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kilometers to the east of traverse TE-3 (traverse TE-4 in 
fig. 6). The resulting profiles of the relative E-field 
amplitudes are shown in figure 9. The relative E-field ampli 
tude profile along traverse TE-3 clearly indicates an abrupt 
and large contrast in the electrical resistivity of the rocks 
on either side of the fault zone. The change in the relative 
E-field amplitudes is about 4 to 1, being larger on the north 
side. According to equation (3), the resistivity ratios may 
be as large as 16 to 1. The outcropped, or near-surface 
rocks, on the south side of this fault are weakly metamor 
phosed graywackes whereas the predominant rock type exposed 
on the north side is of the same general type except that 
these rocks have a higher rank of metamorphism (du Bray, oral 
commun., 1983). If this is so, then the relatively large 
resistivities of the graywackes on the north side may result 
from the conversion of original clay minerals into micas 
(principally biotite). Void of any clay minerals, these rocks 
would be expected to have resistivities similar to unaltered 
igneous rocks (i.e., greater than 6,000 ohm-m).

The results from the profile along traverse TE-4 do not 
show any significant changes across the inferred extension of 
the fault zone to the east (fig. 9). Two explanations are 
plausible: 1) the subsurface extension of the fault is not 
correctly portrayed; or 2) the angle of incidence between the 
profile and the strike of the fault is too acute for this 
method to detect any change. This method is most effective 
when the profile is made nearly perpendicular to the assumed 
strike of a feature. For traverses made at acute angles over 
structures that locally have large resistivity contrast, the 
telluric currents may be channeled in such a way as to give a 
false or no indication of the underlying geoelectric struc 
ture. It is noteworthy that in attempting to measure E-field 
ratios immediately to the south of these profiles, the 
recorded plots on the X-Y recorder produced large-amplitude 
ellipses whose major axis was oriented in a predominantly 
north-south direction. Explanations for such a behavior of 
the relative telluric voltages in this type setting can be 
found in Beyer (1977). Briefly, this behavior suggests that 
this area contains relatively high conductive (altered?) 
zones within the graywackes. This general area contains 
evidence of ancient gold workings from quartz veins. Topical 
studies, using controlled-source electrical methods, could 
delineate these local conductive zones that would be helpful 
in further detailed geologic and geochemical studies of this 
area.

CONCLUSIONS

The results from these limited electromagnetic studies 
and their corresponding geologic implications presented 
herein clearly demonstrate the appropriateness of these type
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studies to the mission's primary goal of assessing the 
mineral resource potential within the Kingdom.

The relatively short time in which these data were 
acquired, processed, and interpreted (about two weeks) attest 
to not only their appropriateness, but also to their effi 
ciency in providing timely and substantive structural and 
mineralogical information in the third dimension. This type 
of information could be invaluable particularly to the field 
geologist. Having been made aware of any anomalous features 
revealed by these types of electromagnetic surveys conducted 
in his general area of study, the geologist could efficiently 
utilize his time and efforts in studying these specific areas 
in more detail in conjunction with other available informa 
tion (for example, aeromagnetic and geochemical data).

Whereas quantitative interpretations from AMT measure 
ments are generally appropriate, only qualitative interpre 
tations from the TE field ratio results are generally war 
ranted. This is because of the lack of complete information 
of the total electromagnetic field at the earth's surface 
(i.e., only one component of the electric field is recorded 
and the corresponding orthogonal magnetic field component is 
not). Nevertheless, this method has several features that 
make it appropriate for sub-regional scale investigations.

1) Anomalies can be defined that may be followed up by 
other more detailed geophysical and geochemical studies.

2) Extensions of known geologic, geochemical, and other 
geophysical anomalies may be rapidly traced to decide if 
additional surveys are needed or warranted.

3) The results may be used to dictate the location and 
spacing of follow-up AMT surveys. Thus, attention could be 
focused on avoiding the siting of AMT stations along high 
gradients of the E-field that might imply a three-dimensional 
structure and thereby cause difficulty in interpreting the 
AMT sounding data.

4) The results could also be used in dictating the AMT 
site-spacing interval for adequately defining an anomaly and, 
thereby, avoiding over sampling.

DATA STORAGE

Data file USGS-DF-04-8 (Flanigan and Zablocki, 1984) has 
been established for the storage of data used in this report.

No entries or updates have been made to the Mineral 
Occurrence Documentation System (MODS) data bank.
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APPENDIX 

Explanation

In the following, a list of the computer-derived AMT 
sounding data obtained from these studies and the correspond 
ing interpretations is presented in tabular form. The ob 
served data (OBS-RES) represents a smoothed, best-fit curve 
obtained from the combined N-S and E-W sounding measurements. 
The calculated resistivities (CAL-RES) are the forward plane- 
wave values based on the results of an inversion calculation 
of the observed data using an algorithm developed by Bostick 
(1977). This is followed by a log-log plot of the data ob 
tained from both the inverse and forward calculations for 
visual comparison. Also presented is a log-log plot of the 
final end product -- the resistivity distribution as a func 
tion of depth. It is from these plots that the geoelectric 
cross sections presented in this report were constructed.

Part A of this appendix includes the data obtained from 
the studies made in the Meshaheed area and Part B from those 
in the Silsilah area.
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OUTPUT FROM BOSTICK

STfi-ID M-4flfiMP INVER
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1
2
3
4
5
6
7
8
9
13
11
12
13
14
15
16

. RESISTIVITY
68.
84.

138.
176,
288
273.
472
377.
836
893
838
1206
1388
2462
3605
4737

60
51

. 11
21
15
,90
.97
. 15
.97
.29
.30
.20
.40
.80
.50
.80

INPUT CURVE
DEPTH
16.
24.
37.
52.
75.

117.
185.
257.
379
608.
915
1363
1846
3012
4329
7099

.97
72
.18
,31
.99
.84
.90
.37
.47
.51
.47
.58
. ie
.00
.90
.30

OUTPUT FROM BOSTICK

OUTPUT FROM FiMT-flT FORWARD

FREQ.
27000
14006
7500
4500
2700
1400
750
450
270
140
75
45
27
14
7
4

.00

.00

.00

.00

.00

.00

.00

. 00

.00

.00

.90

.00

.08

.00

.50

.56

OBS-RES
60.
66.
80.
95.

120.
156.
200.
236.
306
400
485.
596
710
986
1358
1756

00
66
00
60
00
.60
00
.00
.00
.86
.00
.00
.00
.80
.89
,80

CflL-RES
58.
63.
70.
79.
91 .
Ill .
135.
159
190
242
381 ,
356
418
525
681
862

78
18
56
53
.59
.90
25

. 19

.31

.14

.82

.36

.64

.84

.28

.98

flHGLE
41 .
38.
36.
34.
32.
31 .
31 .
38.
29.
29.
2929'

29
27
26
25

13
,57
13
,46
.98
.85
.89
.31
.64
.32
.51
.58
. 15
.78
.35
. 73

OUTPUT FROM PLOT

flPPRRENT
2^f° RESISTIVITY
mo
4^ ID D? *** i"4    ^ v0* i"4

r~ co o o CD © Si
so ^

*  ^n
ID

-n .3 -

m
o »~

m ' w

o
^ c -

o f ro w *     i     i     i     i

B

1 
« j
X?

;o
JOO
XD
xo
xo
xo
xo
xo

s_|
x o

STfl-ID M-6RMP INVER INPUT CURVE
LflYER NO.

1
2
3
4
5
 >
7
8
9
18
11
12
13
14
15
16

RESISTIVITY
52 . 86
63.57
76!23
69.41
93.78
178.43
285.35
287.41
439.22
642.48
996.37
1249.28
577.26
685.51
1688 .28
2666 . 10

DEPTH
15.86
22 . 56
32 . 20
42.26
57. 13
89 . 74
142. 1?
282.23
293 . 94
481 .87
777.69
1144.78
1517.90
2215.88
3477 . 90
5628.88

OUTPUT FROM RMT-MT FQRWfiRD

FREQ. OBS-RES «
27866.
14666.
7588.
4586 .
2700.
I486.
758.
456.
278.
148
75
45
27
14
7
4

88
08
66
66
68
86
88
00
.88
.88
. 86
.66
.00
.86
.58
.56

52.
55.
66.
62 .
68.
87.

117.
142
188
256
358
455
486
536
788
875

00

66
88
86
86
66
86
,86
.68
. 66
. 86
.80
. 86
.86
.88
.86

:RL-RES
51 .
54.
56.
57.
58.
63.
71 .
82
97
127
174
224
273
341
466
478

94
35
62
71
87

. 15

.81

.56

.38

.46

. 14

.91

.54
. *8
.61
.09

ANGLE
42.
42.
41 .
41 .
46 .
37
34
31-
29
26
25
26
23
38
39
38

99
21
93
47
13

. 23

. 19

.96

.63

.86

.78

.45'

.36
IS1

.46

.67

OUTPUT FROrl PLOT

 A X O
-> n H
3-0 Cr-
St Z'03  -

r~ >j> c
3:0 ^

* %,;1
^

TJ O  

m

c o   
m M

I - ^^

R P P R R E N T
R E S I S T I V I T V

.__!_>. I - (->

J «3 '3 -S 'S t
 3 >- PO Csl  £- !
      1       I       1       I

Q

a

1
xo 
  /: r\ 
X O
X 0

ro j

  I
o t

X O
xo 
xo 
xo

30



OUTPUT FROM BOSTICK OUTPUT FROM BOSTICK

STR-ID M-7flMP 1NVER INPUT CURUL 
LftYER NO RESISTIVITY DEPTH

1 130.00 24.98
2 315.41 39.03
3 468.91 60.95
4 572.12 87.36
5 561.63 121.60
6 723.94 188.79
7 1127.19 295.40
8 1858.80 435.98
9 1717.39 623.54

IS 1760.40 962.14
11 2813.30 1498.80
12 4046.90 2179.90
13 4028.50 3698.46
14 3317.10 4614.30
15 2208.10 6269.90
16 1270.30 7589.50

STft-lD h-8AMP INVER INPUT CURVE
LftYER NO

1
2
"7

4
5
6 ?

8
3

10

11
12
13
14
15
16

. RESISTIVITY
80,

222.
674,
1141 .
690
1002.

1594.
2394
1646
1942.
1524
2224.
2743,
3652
3117
3080

.00

.84

.99

.88

.81

.70

.30

.50

.38

.90

.60

. 60

.38

.50

.68

. Q8

DEPTH
19.
31 .
52
81 .

117
192.
311 .
464.
653.
1809.
1448.
1998.
2771 .
4302.
6235 .
8313.

.68

. 18

.58

.39

.98

.43

.88

.76

.61

. 10

.00

.08

.36

.80

.40

.88

OUTPUT FROM flMT-MT FORWRRD OUTPUT FROM flMT-MT FORWRRD

FREQ .
27000 .
14000.

7500 .
4500 .
2700 .
1460
750.
456
276.
140
75
45
ii f
14
T

4

80
. 60
.00

. 00
00

. 00

. 00

. 00

. 00

. 00
£Uj

.00
. 00

. '06

.50

.50

OBS-RES
138 .
165.
215.
265.
305 .
385.
505 .
666 .
310.
1000,

1300

1656
2000
2300
2275
2000

00
00

00

00

09

00

00
.00

00

.00

00
.00

. 00

. 00

00

. 00

CflL-RES
130 .
153.
136.
216.
247.
291 .
353.
422
507.
635.
794.
973.

1208.
1585
1946.
2146

56
81
38
48
.08
.68
06
.77
09
.05
71
.76
.42
. 15
.46
.21

flNGLE
37.
34 .
33.
33,
32.
32
30 ,
29
29
29
28
28
28
31
35
39

,67
.53
.20
.08

.90

. 60

.62

. 88

.61

.31

.74

.47
8^
.09
£\1

. 16

FREQ .
27008.00

14000.00

7500.00

4500.00
2700. Qf>
1400.00

750.00 
450.00 
270.@0
140.00

75 . 00
45 . 00
27.00
14.00

7.50
4.50

OBS-RES
80 . 00
105.00
160.00

230.06
290.00
400.00
560.00
750.00
890.00
1100.00

1200.00

1375.00
1600.00

2000.00

2250.00
2480.00

CflL-RES
77. 90
99 . 95
135.30
173.03
218.48
295.48
397.68
506.02
634.24
80S.38
957.76
1069.00
1192.45
1397.97
1633.99
1848.46

FiNGLE 
34 . 17 
23 . 77 
26 . 23 
25.56 
25 . 28 
24.99
25 . 23
26 . 07 
27.61 
30 . 3©
32 .66
33 . 77
34 . 11
34 . 25
34 . 85
35.79

OUTPUT FROM PLOT

i -:oxo 
 i n M

flPPRRENT 
R E S I S T I V I T V

[~CO G> '35 O 0& O
20^ o »- ro w .&.

I 0 1     I    1     i     i

- > oi !

-n -s
T>

'- -3
rn o

ro

xo 
xo 
xo
xo 
xo 
xo

OUTPUT FROM PLOT

Oti X O
-< H II
30O 
at ICO i- 

r~05 '3 
30 ^ o

R P P ft R E H T 
R E S I S T I'.,' I T V

'» ..o 1i
j

TI s |
;u
m
:3 H- 
'- '3
m ( 

o * e r
r,

*-» 
o

G 

.9

XO
xo 
>o 
>c> 
>o

Si

>o

31



OUTPUT FROM BQSTICK

STft-ID rq-9fii*P' 1NVER INPUT CURVE 
LfiYER NO. RESISTIVITY DEPTH

1 86.88 19.68
2 89.08 27.21
3 87.72 37.64
4 86.53 48.89
5 107.78 64.99
6 115.38 93.73
7 281.95 146.97
8 483.45 217.99
9 686.14 324.96

10 588.33 513.64
11 628.99 777.69
12 721.42 1086.60
13 1632.10 1549.28
14 884.48 2327.10
15 1128.90 3465.5©
16 1316.50 4388.00

OUTPUT FROM ftMT-MT FORWflRO

FREQ .
27969.
14008.
7580.
4580.
2780.
1488
758.
450
270,
148
75
45
27
14
7
4

fl 8
.88
00

.88
88
.80
88
.88
.00

.08

.88

.88

.88

.80

.58

.58

GBS-RES
38.
88.
82.
83.
38.
95.

125.
165.
228 .
285.
350.
410.
588.
585.
695.
888.

80
88
88
88
88
88
88
88
88
88
88
88
88
88
88
88

CfiL-RES
79
38
38
88
38
79
82
92
118
144
186
229
279
351
438
584

.65

.85
55
.94
.51
.42
.73
.54
.33
.43
.98
.55
. 15
.82
.88
.86

ftNGLE
44.
44
44.
43.
43.
41
37.
33
36
28
28
23
29
38
38
31

69
.46
. 13
.94
.50
.56
.53
.79
.81
.82
.32
.48
.83
.81
.93
.71

OUTPUT FROM PLOT

:o 
it it

RPPflRENT 
RESISTIVITY

sn 
i

 n
73
m
o
c 
m

o
-f.

'_ 
CO »- 
CO C

© '

'-'

©  

© -
OJ

©   
ro

©  

©  

I* © O © ©
© *- ro w 44.
     (      i      j      |

a
a
TO

Si
»
'0
xo
xo
X O
X O 
X 0
xo
xo
xo
xo
xo

©
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RESISTIVITY (obm-m)

<» 
<»
0.

Q.

3 
OQ

m

o m
-o

-I

o
K>

O 
U)

I i r T^T

I____i i I I I I I

i I I I 1 I r



10
"

10
3

in

10
2

LJ

10
10

Me
sh
ah
ee
d 
AM
T 

M-
4 

so
un

di
ng

10
0 

D
E
P
T
H
 
(m

)

10
00



RESISTIVITY (obn>-m)

o
K>

O
u>

(» 
<»
o.

o.
3
00

m

-

i I II I I I r I ! 1I I I T I I T I

L



98

RESISTIVITY (obn>-m)

O 
Ui

I I I i I r

A 
A
Q.

O 
C 
3 
0.

i i i r i r

O
m o

o 
o

o 
o
o

J  I I I I I I II I I I I I I

1 \ T T I T

J



CO

C
O Ul

10

Me
sh
ah
ee
d 

AM
I 

so
un
di
ng
 M

-8

10
0 

DE
PT

H 
(m

)
10

00



RESISTIVITY (obm-m)

<»
CL

O 
C 
3 
CL



APPENDIX, PART B 

SILSILAH AREA



OUTPUT FROM BOSTICK OUTPUT FROM BOSTICK

STfl-lD F-IRMP IHVER INPUT CURVE
LflYER NO. RESISTIVITY DEPTH

i
2
3
4
5
6

S
9

10
11
1 2.
13
14
15
16

85.
810.

5152.
1672.
853 .
1158.
1782.
2327.
4318
8204
8866
30078
2846.1
46378
39131
67137

00
31
00
50
1?
90
.50
.70
.00
.30
.80
.00
.00
.00
.00
.00

20.
36.
65.
98.
140.
223.
352.
514.
774.
1343.
2193
3477
5366
9427
15274
23082

.20
06
73
22
23
58
,73
.74
.68
.60
.69
.90
.66
.00
.00
.00

OUTPUT FROM RMT-MT FORWRRD

FREQ .
27900.
1400C
750S
450e>
2700
1406

750
456
270
140
75
45
.-%    

14

.60

. 00.
00

. 00

.00

.00

.00

.00

. 60
00
00

. 00

. 00

.00

OBS-RES
«5.
140.
250.
335.
41S.
540
720
920
1250
1956
2800
4200
6000

360Q

00
00
00
00
00
.00
. *0
.00
00
.00
.00
.00
. 00
.00

7.5013506.00
4 .501850C .00

CHL-RES
93.

136.
197.
259 .
328.
422.
523.
628 .
769
104Q
1470
2025
2831
4364
6546
9026

14
31
30
65
26
69
.92
.23
.38
.30
.29
.64
. 37
.60
.00
.47

RNGLE
27.
23.
23
24.
25
26.
27.
26
24
22
13
17
17
17
17
13

87
65
14
14
53
.98
10

.22

.72

. 11

.49

.95

. 18

.07

.72

.30

OUTPUT PLOT

5 X O 
 » il II

j  & z-rr. >-
I i  (.0 c?
! "n o ^  ;

flPPflRENT 
RESISTIVITY

o © o j 
ro to * i

H      I      I j

O , -
C o
m -..
z
0 .-_;

ro
*

x o 
x o
x o 
x o

X

STft-ID F-2flMP IHVER INPUT CURVE 
LRYER NO. RESISTIVITY DEPTH 

1 50.00 15.49____ ___

7
4
5
6
7
8
o

10
11
12
13
14
15
16

85.65
159.37
434.38

4619.90
992. 15
1302.10
1152.60
1375.70
3140.30
4225.20
4300.99
7761 .50
9572.30
29468.00
53696.00

23. 17
36.01?
54.99
90.33
155. 14
256 . 25
371 .81
536 . 66
912.77
1498.8©
2212.70
3322 . 6@
5527. 10
9295 . 26
14697.00

6uTPU?~FROM~flMT-MT~"FORWfiRO~

FREQ.
2700G.
14006.
7500.
4506.
2700. 
1408.
750 .
4e>A^ W V ,

270
146
75
45
27
14
7
4

00 
00 
90
00
00 
00
.00
.00
.00
.00
.00
.00
.00
.00
.50
.50

OBS-PES
50. 
5£.
75.

105.
170. 
260.
380 .
480.
600
900
1300
1700
2309
3300
5000
7500

00 
00 
00
00
00 
00
00
00

.00

.00

.00

.00

.00

.60

.00

.60

CRL-RES47. "~ 

50 
61
80
103. 
165 .
235
302
385
527
717
921
1173
1638
2375
3325

27
46 
80
40
74
43
01

.72

.25

.35

.65
05
.86
50
.74
.80

RNGLE33. " 

34. 
27.
23.
21 . 
20.
21 .
22.
22
22
22
22
21
19
18
17

S2 
26 
38
75
36 
77
74
.53
.85
.72
.48
.32
.76
.97
.02
.65

OUTPUT FROM PLOT

1
1
t tf»XO

-t n ii
3>OO 
* 3DCO -

r- w c
-no ^
' o * 
w en

 n -s   
^j  *> 
m
0 M
c o  
m <>j

5 ;-
N

»-»
®  

»- 

O 
 S

RPPRREHT
RESISTIVITY I

> G> <S O >S>
Q >- ro oj A
    1     1      1      1

X' 
:o 
x>
>0
xo
xo
xo
xo
xo
xo 
xo
X O
X O
x o

X O
x o

40



OUTPUT FROM BOSTICK OUTPUT FROM BDSTICK

STfi-ID F-5flHP INVER INPUT CURVE 
LRYER NO. RESISTIVITY DEPTH

1 7.60 5.88
2 11.34 S.61
3 46.62 14.4S
4 128.94 22.77
5 133.89 35.33
6 386.44 64.54
7 211.213 165.93
3 297.98 159.20
9 569.77 244.95

10 1152.89 435.63
11 1549.26 743.61
12 3435.50 1175.89
13 1812.76 1739.08
14 2568.80 2886.48
15 6638.78 4918.56
16 9485.10 7589.50

STfi-ID F-$ftMP INVER INPUT CURVE 
LflYER NO. RESISTIVITY DEPTH

1 50.09 15.49
2 65.89 22.36
3 109.85 33.51
4 38.91 40.87
5 111.74 56.71
6 341.38 96.21
7 143.02 137.87
8 62.32 167,14
9 28.01 189.74

10 14.33 215.14
11 25.70 269.40
12 33.81 339.41
13 49.71 449.03
14 79.31 630.34
15 172.95 1084.00
16 387.56 1654.10

OUTPUT FROfl ftMT-MT FORWRRD OUTPUT FROM ftMT-MT FORWRRD

FREQ.
27909 .
14060 .
7500
4500
2700 .
1400
750
450 .
270.
140
75.
45
27
14
7.
4

. 00

. 00

. 00

. 00

. 00

.00

. 00

. 00

. 00

.00

. 00

. 00

. 90

. 00
5fl

.50

DBS -RES
"7

e!
12
18,
26.
45
65
88

125,
205 ,
320
480
630
900
1460

2808

.00

.00

.00

.00

.00

.00

.09

.00

.00

.00

.00

.00

. 00

. 00

. 00
. 05

CRL-RES
6
f

10!
13
18
28,
41 ,
55
75

116
178
246
333
492
727
1607

.39

.50

.93

.64

.95

.53

.07

. 13

.32

.69

. 16

.21

. 36

.36
. 13
.45

flNGLE
36.
29.
24.
20.
19.
18.
18.
17.
16 .
16.
16.
17.
17.
17.
17.
IS

96
. 98
.05
.81
.23
.72
.50
.89
.92
.135
39

'. 16
. 67
.66
.61
.07

FREQ .
27000.
14000.
7500.
4500 .
2700 .
1400.
759.
450.
270
146
75
45,27'

14, ?

4

00
00
,00
00
00
.00
00
.00
. 00
. 00
00
.00
. 00
. 00
.53
5ft

OBS-RES CflL-RES
"SCl

54.
65.
58.
67.

100.

110.
97.
75.
50.
42
40
42
50
68
95

00
00
.00
09
00
.00
.00
.00
.00
.00
.00
.00
. 00
00

.08

. 00

50.
55.
58.
59.
61 .
70
85
97
104
99
82
66
52
40
34
34

33
99'89

12
,09
.25
. 14
.46
.61
.53
. 15
.20
.80
.55
.58
. 18

ANGLE
41 .
40
41 .
41
39.
36
37
46
44
51
56
58
58
54
48
4 1

.98

.62

.54

. 17

.30

.92

. 34

. 15

.70

.56

. 63

.49

. 17

.67

. 00

. £'4

OUTPUT FROM PLOT

-f !! I! 
3 O O

flPPflRENT 
R E S I S T I V I T Y

~no _^ c- w

-n 
^i

m 

o

JO
xo

ro

o

xo 
xo 
x o 

xo 
xo

X O 
X O

X O 
X O 

X O

CD

OUTPUT FROM PLOT

cr- X O 
H tl )l

*t 1-03   
r~ f.f  : 

-no _
1 0 '

  ^ en

-n 5   

m

0 _
~:- © i 

ro

O '

 3

PPPflREHT 
R E S I S T I V I 7 Y

2 >S O © O
 3 *- ro w -^      i     i      i      i

B

a
3S> 
O

a
ox

O X 
O X
ox

^o

X O

I
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OUTPUT FROM BOSTICK
OUTPUT FROM BOSTICK

STP-ID F-7ftftMP INVER
LfiYER NO

1
2
3
4
5
6
r
8
o
18
11
12
13
14
15
16

. RESISTIVITY
98.

188.
282.
468.

2412.
449.

5718
1745
1352
1496
2532
21  5
4551
3274
4886
5881

88
87
.16
67
.38
.48
.58
.88
.98
.78
.48
.28
.68
.49
.18
.28

INPUT CURVE
DEPTH
28.
31 .
49.
72.
114
170
305
445
619
937
1452
1997
2918
4489
6572
9295

7?
91
.19
.80
.89
. 76
.47
.78
. 68
.78
.80
.20
.90
. 10
.7®
.28

OUTPUT FROM RMT-MT% FORWfiRD

FREQ .
27908 .
1488@<
7588.
4588.
2788.
1488.
750.
450.
278.
140.
75.
45.
27.
14.
7 .
4 .

80
00
88
88
00
80
88
88
08
88
88
88
88
68
58
58

OBS-RES
98.

118.
140.
188.
2-75.
315
540
698
888
950
1220
1385
1775
2188
2588
3888

88
88
80
88
.88
.88
.88
.88
.88
.88
.88
. 88
. 88
.88
.80
.68

CflL-P-ES
88.
97.
118.
142.
175.
248
334
431
538
682
825
962
1127
1375
1651
1924

30
60
21
.95
61
.21
.47
.64
.64
.41
.43
.67
.91
.45
.76
95

RNGLE
39 .
34.
38
28
26 ,
24
24
25
27
29
30
38
31
31
31
31

08
.83
97
.79
.83
. 77
.48
.56
. 17
.26
.37
.75
.04
.47
.72
. 87

STfl-ID F-8ftflMP INVER INPUT CURVE
LfiYEx NO. RESISTIVITY DEPTH

1
o
3
4
5
6~f 
i
8
9

18
11
12
13
14
15
1 

125
485.
573
836 .
1247
2693.
3496
4275,
3149
2929
11764
24428
135146
77651
53608
45874

.00

.86

.57

.85

.50

.10

.7©

.20

.70

.80

.60

.00

.00

.00

.00

.00

24
39.
63.
92.
138
235.
394.
593
848

1290.
2.179
3415.
5585.
10091
16628
24000

.56
67
.04
95
.56
.68
. 3$
.97
.53
.80
.96
30
.76
.00
.06
00

OUTPUT FROM RHT-MT FORWflRO

FREQ
27808.
14888.
7500.
4588 .
2790.
1408.
758.
450.
278 .
148.
75.
45.
27.
14.
7.
4.

90
88
90
08
00
88
88

OBS-RES 
125.88 
178.88 
238.88 
388 . 8.0 
408.00 
680.88
900.00

08 1225.00
98 1580.08
80 1800.08
60 2750.00
80 4850.00
68 6580.80
8811800.00

5016888.88
5028808.00

CftL-RES
126.03
15S.23
186.02
226
284
481
572
748
321
1133
1478.83
1989.68
2840 . 10
4588.89
7063.64
9743.35

fi 96 
82 
18 
52 
43 
81 
64

RNGLE 
36. 18 
7.2 22 
29 "23 
27 . 84 
24 . 95 
22.93
dd
24
25
25
21

74
84
60
89
49

18.35 
16.43 
16. 12: 
17.64 
15 .7t:

OUTPUT FROM PLOT

or> x o 
-< n ii
3)OO

RPPflRENT 
RESISTIVITY

r-co 
-no _

©
o ro

CD
c-

-» 

TI iSl
:O  «* 
m

m co 

o ^
"' o 

ro

o * 
 s

Q
c

XO

xo
xo
XO

XO
xo
xo 
xo 
xo 
xo

OUTPUT FROM PLOT

CO X O
-4 !i n
300

RPPPRENT 
R E S I S T ! V I T Y

TIO _. 

' ,T>
CO 
2>

O
r-t 

o
C'J

en !
B 
JO

'- O T
m c>j

o

xo
X O 
X O
xo
X O 
X O 

X O
X O 

X O
X
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OUTPUT FROM BOSTICK OUTPUT FROM BOSTICK

STfl-ID F9RRMP INVER INPUT CURVE 
LflYER NO. RESISTIVITY DEPTH

1 34.00 12.78
2 74.07 19.72
3 103.87 30.26
4 137.39 43.27
5 171.65 61.97
6 418.70 105.40
7 593.69 173.99
8 1696.50 273.64
9 3826.50 438.IS

10 6730.30 804.98
11 3097.40 1314.58
12 10347.00 2075.00
13 6555.00 3106.19
14 31926.00 5692.10
15 24402.00 9659.8©
16 50868.00 15179.00

STfl-iJ F10RMP INVER INPUT CURVE 
LflYER NO. RESISTIVITY DEPTH

1 80.00 19.60
2 418,72 33.33
3 1572.50 58.79
4 6140.60 96.00
5 16185.00 157.99
6 340160.00 304.26
7 45421.00 557.71
8 13386.00 865.33
9 11490.00 1296.16

10 8947.70 2041.00
11 7783.60 2997.6©
12 12662.00 4259.60
13 14950.00 6000.06
14 18050.00 9377.80
15 28195.00 14697.0©
16 40826.00 21466.00

OUTPUT FROM RMT-MT FORWflRO OUTPUT FROM flMT-MT FORWRPO

FREQ .
27000.
14600.
7500.
4500.
27Q0 .
1400.
750 .
450.
270.
140
75.
45.
27.
14.
7 .
4.

.00

.00

.00

.00

.00

.00

.00

.06
00
.00
00
.00
.00
. 00
50

. 50

DBS -RES
34.
42,
53
65,
80.
120
175.
260
400

700

1000

1495
2010

3500
5408
8000

.00
00
.00
.00
,00
.00
. 00
.00
. 00
.00
.00
.00
. 00
.00
.00
.00

Cft L -RES
34.
38.
44.
50.
58.
72.
97.

134.
191 .
302
463.
654
932.
1497
2379
3470

05
70
81
93
36

, 14
76
.56
34
88

. 18-yc'

. 1 s.1

.72

.45
48
.46

RNGLE
38 .
35
33 .
32
3e!
25.
21
18
16.
15
14.
14
13
13
13.
13

,79
.88
.86
. 19
13.9'3
13
07

. 15

. 11
,66
.21
.66
. 18
. 18
.86

FREQ .
27000.
14000
7500 .
450©
2700 .
1400
750.
456
270.
140
75.
45
27
14

r .
4

, 00

00
00
.00
00
.00
00

. ©0

. 00
R0
.00
. 00
, 90
. 00

OBS-RFS
80.
120 ,
200.
320
520 .

1 PU'10
1800.
2600 .
3500 .
4500
5200
6300
7500 ,
9500 ,

.5012500.

. 50 1 6000 .

00

.00

00

. 00

00

. 00

00

, 00
00
.00
.00
. 00
. 00
. 00
00

. 60

CRL-RES
74 .
106 .
175.
274 .
a..-; 2
763 .

1262.
1833.
2526
3487
4375.
5075
5772.
6791
8170.
9781

32
60
34
.73
71

. 14
91
21
68
.43
01
.25
17
.71
81
.85

RNGLE
28 .
18
12.
10.

910'

13,
16
19 ,
24
2ft
30
31 .
31
39
2'rl

77
fi^
73

. 26
c"7

!50
.00
.03
72
^54
. 19
23'34

3^>'36

. 63

OUTPUT FROM PLOT

tjf :  ' o 
 i ii :i
3500

-no _

R P P R R E N T 
R E S I S T I V I T Y

ro

en

m
s> H-.

m

o

ro

>o 
xo 
x o 
x o 
x o

x o 
x o 
x o x r>

X O
X O 

X O

OUTPUT FROM PLOT

CO X O
 t II II
If O O

R P P R R E H T 
R E S I S T I V I T Y

<~co 
-no ^

en i

~n <s

m 

o

ro

o

o o
tO *

-<     I

XO 
JO 
XO 

XD 
X'
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OUTPUT FROM BQST1CK OUTPUT FROM BOSTICK

STR-ID F-llflMP INVER
LflYER NO. RESIST

1<p
 3

4
5
6
r>

8
%

10
11
12
13
14
15
16

35.
9733.
1176.
175S.
1448.
2483.
1971 .
1779.
2366.
7358.

98825 .
86576.
57461
49665.
75769.
104180 .

INPUT CURVE
IVITY DEPTH
00
00
90
20
60
88
50
50
30
90
00

00

00

00
00

00

21 .
40.
68 .

105.
156.
263.
407
562.
789
1360
2494
4051
6387

1 0970
18356
27885

35
82
94
98
.46
49
2^
!85
.9J
. 76
.20
.70
.50
. 00
. 08
. 00

87
.61

STfl-^D F12flMP INVER INPUT CURVE 
LflYER NO. RESISTIVITY DEPTH

1 35.00
2 117.93
3 365.26
4 311.79
5 3068.70
6 2690.30
7 5080.00
8 3042.70
9 3103.50

10 3558.50
11 3753.60
12 5910.20
13 19576.00
14 9953.70
15 17235.00
16 30152.00

12.96
21 .08
36. 88
53 . 67

64
00

288.08 
442.54 
664.53 
1097.00 
1713.98 
2517.10 
3794.7© 
6168.70
10811.08

15179.06

OUTPUT FROM RMT-MT FORWARD OUTPUT FROM FlMT-MT FORWARD

FRE6 .
27889 .
14808.
7588 .
4588 .
2708
1488
758 .
458
278,
148
75
45
Ll i''

14

88
©8
88

. 88
08
.88
.88
.88
, 88
ftij
.88
88
.08
.881

DBS-RES CfiL-RES
95.
188 .
275.
398 .
518
758.
yttf .

1 188
1388
2888
3688
5788
8588
3888

7 . 5019580
4 .5827080

88
88
88
00
88

. 88

. ttW

. 88

. 88

.88

. 88
. 88
. 88
.88
.88
.881

ini 5
149
215.
289
388 .
549
70S.
881
884
1123
1625
2328
3358
5483
8411
1911

72
66
88
88
18
25
.72
. 19
86
.35
.97
.86
.73
.84
.41
. 93

flNGLE
28.
23
22!
21
22
24
|£. !'* ,

29
28
22
18
16
14
14
15
16

48
98
88
88
.45
. 62~*o
. 1 '-'

38
.81
.89
. 38
.82
Ci-9

. 713

.45
. 69

FREQ.
27888.
14888.
7588 .
4588
2780.
1408.
758.
45Q
278.
148
75,
45
 L. 1 .

14
7

4

88
.88
.88
.60
80
0f<

.80

.88

.88

.68

.88

.00

. 80

.00

.50

.58

OBS-RES
35
48
75
188
168
280
486
688
92Pi
1380
1788
2208
3800
4108
5308
8888

.88

.88

.88

.88

.08

.88

.88

.80

. 88

.88
. 88
.00
.08
. 60
.08
.08

CAL-RES
34 .
41
57.
86

117.
195.
389 .
446
604
857
1151
1449
1813.
2438
3381
4319

68
77
.26
49
94
.35
.96
.56
95
.97
.35
.59
. 14
.91
.81
.63

ANGLE
33.
27
21 .
17
14
14
15.
16
18.
21
22
23
V t +t

23
22
22

.36

.24
ft 7,

. 15

'. 13
. 10
. 73

'"  "7

39
95

. 68
97
.57'"'7

. 67

OUTPUT FROM PLOT

H il !l
noo
*!'CO H-
r >.<'> s

 no ^ o 
' O t 
"- en '

APPARENT 
R E S I S T I V I T V

O

w

:c 
>c>
.C'

XO 
X O 

X O 
X O 

X O
X O

OUTPUT FROM PLOT

j
t
i 0-iXO

I' O C

i "HO ^
I l-» _

-n
30

S

P ? r1 A R E H T 
RESISTIVITY

o   

XO 
XO 

XO 
XO

XO 
XO 
XO
XO

XO 
XO 
X O
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OUTPUT FROM BOSTICK OUTPUT FROM BOSTICK

STfl-ID F13AMP INVER INPUT CURVh
LAYER NO

1

3
4
5
6

S 
9

10

11

12
13
14
15
16

RESISTIVITY
25.00
62.77
93.92

220.29
200.66
785.59
5671.50
2631. 10
1551.90
2407.30
2532.80
2880.40
6107.40
5988.40
14655.00
17492.00

57
18

DEPTH 
10.95 
17.21 
26.94 
40 . 87
60.00

107
197
312.92
469.89
799.21

1281.20
1859.00
2814.20
4614.30
7776.90

11758.00

?Tfl-!D F14AMP INVER INPUT CURVE 
LAYER NO. RESISTIVITY DEPTH

1 47.00 15.02
2 67.61 21.94
3 171.37 34.73
4 326.04 52.31
5 849.14 81.98
6 1115.70 144.32
7 828.31 231.45
3 858.33 332.99
9 1030.00 477.49

10 1130.40 745.27
11 1205.20 1115.40
12 1334.6© 1541.40
13 1489.10 2124.10
14 2334.70 3333.00
15 15725.00 5878.80
16 10851.00 8939.80

OUTPUT FROM HMT-MT FORWARD OUTPUT FROM RMT-MT FORWARD

FREQ.
V 7000 .

14000 .

7509.
450G
2700.
1400
750.
450
279
14Q
75,
45
27
14
7
4

00

.60

90

. 00

00

. 00

. 00

. 00
. 60

. 00

. 00

. 00

OBS-PE:.

i

25
"7 '"'

42
58
75
125
225.
340
460 .
690
950
200

. y 0 165 0
00
.59
. 50

2300
3
4
500 .

800

y 0
0 0

00

00

y y
00

00

00
00

00
0 0

00

00

. 00
. 00

. 90

C AL

1
i

j*

~̂?t

3
5"?
^'
t

-PES
4
8-?
Cl

y
7
0
"7

246
"7

S
6
8
12
17
23

~>
^'
8
7
3
S

1

5
^
j?

1

1

62

69
54
66
C* ti

?4
55
35
O 7*

48
. 08
58
18

.03

.45

.74

.49

ANGLE
37
3* .
30 .
26 .
21 .
17,
16.
16
16
18
20
21
21
20
2S
20

54
65
2^

, 35
9 8

. 8 "^
13
.05
85
.56
. 13
02
.25
.73
.31
.56

FREG.
27000 .
14006
7500 .
4506
2709.
1460

750.
450
270
146
75.
45
27
14
7
4

00
. 00

00

. 00

00

. 00

00

. 00

.00

.00

.08

.86

.00

.00

.50

.58

OB?. -RES
4? .
c'2
70.
95.

140.
225.
3.1 0 .
385.
475,
600
728 .
825
940,
1200

2000

2775

00
00

90

00

00
,00

00
.00

00

.00

.00

.00

.00

.00
Ofi

.60

CflL-RES
44.
47.
57.
73.
98.
144
202.
260
327.
424 ,
524
598
654
744
931
1197

20
94
90
69
24
05
50
72
.63
.71
.96
.62
06
.86
.23
.26

ANGLE
39.
34.
29.
25.
23.
22
23!
24 .
26.
28
3Q.
32.
32.
30
26.
24

72
, 66
06
.23
05
,40
35
.70
,28
.43
.58
.28
.77
.41
.69
.32

OUTPUT PR Of1 PLOT

CO X O
-i 11 II
3 '.-  O

APPARENT 
R E S I S T I V I T V

r~ co >s 
~n o _ *

O '2» O
PO CO 1

en

XO

XO 
X O 

X O 
X O
xo

X O
xo
X O

X O 
X O 
X O

OUTPUT FROM PLOT

3) O O

O

A P P A R E M T 
R E S I S T I V I T Y

©
 no _

0

ro

xo
XJO
xo

CD

xo

xo 
xo
X O 

X O
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OUTPUT FROM BOSTICK

STfi-ID F15RMP INVER INPUT CURVE 
LfiYER HO. RESISTIVITY DEPTH

1 384.99 42.99
2 482.36 61.61
3 954.45 93.88
4 1772.50 137.87
5 1891.46 199.013
6 2994.19 326.28
7 3283.29 589.12
8 6234.80 758.95
9 7138.70 1117.10

10 6307.60 1747.80
11 4573.80 2494.28
12 6122.30 3415.30
13 4761.20 4490.00
14 5377.00 6454.20
15 6193.60 9201.7©
16 9762.80 12812.00

OUTPUT FROM flMT-MT FORWflRO

FREG.
27Q00.
14000.
7500.
4500.
2709.
1 400 .
750.
450.
270.
140.
75.
45.
27.
14.-p

4.

00
06
00
00
00
00
00
00
00
00
00
00
00
00
50
50

DBS -RES
385.
410.
510.
660.
825.
1150.
1 500 .
2000.
2600 .
3300
3600
4050
4200
4500
4900
5700

00
00
00
00
00
00
00
.00
.00
.00
.00
.00
.00
.00
.00
.00

CflL-RES
368
394
448
517
610
767
983
1239
1578
2107
2653
3091
3479
3840
4082
4318

.47

.71

.56

.79

.63

.98

.26

.08

.66

.04

.50

.92

.26

.64

.64

.09

RNGLE
41 .
37.
34.
32.
30.
28.
27.
26.
26.
28
30,
32
35
37
38
38

26
89
71
.58
81
*»8
.35
.52
.71
.37
.76
.99
.23
.57
.47
.27

OUTPUT FROM PLOT

FlPPflRENT 
RESISTIVITY

=*2DCO *-

*n o ^. ©
*~ ©  *  
en (

m

c 
m
z:

Q

ro

© 
o

H 

JO 
O

x> 
:=«o
xo 
xo 
xo 
xo 
xo
>0
>o
X)

X) 
X)

46
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RESISTIVITY (ohm-m)
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RESISTIVITY (ohm-m)
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RESISTIVITY (ohm-m)
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